The relationship of genotypes to phenotypes can be modified by environmental 2 inputs. Such crucial environmental inputs include metabolic cues derived from microbes 3 living together with animals. Thus the analysis of genetic effects on animals' physiology 4 can be confounded by variations in the metabolic profile of microbes. Caenorhabditis 5 elegans exposed to distinct bacterial strains and species exhibit phenotypes different at 6 cellular, developmental and behavioral levels. Here we reported metabolomic profiles of 7 three Escherichia coli strains, B strain OP50, K-12 strain MG1655, and B-K-12 hybrid 8 strain HB101, and also different mitochondrial and fat storage phenotypes of C. elegans 9 exposed to MG1655 and HB101 versus OP50. We found that these metabolic 1 0 phenotypes of C. elegans are not correlated with overall metabolic patterning of 1 1 bacterial strains, but their specific metabolites. In particular, the fat storage phenotype is 1 2 traced to the betaine level in different bacterial strains. HT115 is another K-12 E. coli 1 3 strain that is commonly utilized to elicit an RNA interference response, and we showed 1 4 that C. elegans exposed to OP50 and HT115 exhibit differences in mitochondrial 1 5 morphology and fat storage levels. We thus generated an RNA interference competent 1 6 OP50 (iOP50) strain that can robustly and consistently knockdown endogenous C. 1 7 elegans genes in different tissues. Together, these studies suggest the importance of 1 8 specific bacterial metabolites in regulating the host's physiology, and provide a tool to 1 9
scored the images as one of three distinct categories: filamented, intermediate and 1 fragmented ( Figure 1B) . Similar to the difference in fat storage, worms grown on OP50 2 show distinct mitochondrial morphology when compared to those grown on HB101 or 3 MG1655, as evidenced by increased mitochondrial fragmentation in the intestine 4 ( Figure 1B) . 5 To understand whether the difference in these physiological features of C. 6 elegans are associated with the difference in the metabolic features of E. coli strains, 7 we systemically analyzed the metabolomic profiles of OP50, HB101, and MG1655 E. shows that the metabolic profiles of HB101 and OP50 cluster together more readily than 1 0 OP50 or HB101 do with MG1655 ( Figure 1C & 1D) . Thus the phenotypic difference of 1 1 C. elegans on different E. coli strains is not simply a response to gross metabolic input 1 2 alterations in those E. coli strains, but might be associated with specific metabolites 1 3 derived from those E. coli strains.
4
We then searched for metabolites that show differences in both HB101 and 1 5
MG1655 when compared to OP50, which might contribute to the observed C. elegans 1 6 phenotypic differences. Our analysis identified a total of 42 carbohydrate-related 1 7 metabolites in our bacterial samples (Supplemental table 1), 12 of these metabolites 1 8
show an increase in both HB101 and MG1655 when compared to OP50 and one shows 1 9 a decrease ( Figure 1E ). An inverse relationship is observed in regards to lipid-related 2 0 metabolites when comparing HB101 and MG1655 to OP50, seven metabolites are 2 1 differentially observed and six out of the seven exhibit decreased levels in HB101 and 2 2 MG1655 ( Figure 1E , Supplemental table 1 ). These results suggest that HB101 and 2 3 1 Among the groups of amino acids and nucleotides, there are also other specific 2 metabolites that show similar changes in HB101 and MG1655, although there is no 3 clear trend as a group. Bacterial betaine regulates lipid metabolism in the host 6 Our previous studies have linked the bacterial one-carbon methyl cycle with lipid 7 metabolism in the host (Lin and Wang, 2017) . Among the four metabolites directly 8 involved in the methyl cycle (Figure 2A ), methionine is decreased by 50% in HB101 9 compared to OP50, but not in MG1655, neither dimethyglycine nor homocysteine is 1 0 significantly changed in HB101 and MG1655, but betaine is increased by 2-fold in 1 1 HB101 and by 3-fold in MG1655 compared to OP50 ( Figure 2B ).
2
Next, we examined whether changes in bacterial betaine levels are associated 1 3 with fat storage differences in the host C. elegans. Interestingly, the supplementation of 1 4 exogenous betaine is sufficient to reduce the high fat storage of C. elegans on OP50 to 1 5 a level comparable to those grown on HB101 or MG1655 ( Figure 2C ), while betaine 1 6 supplementation does not further decrease fat storage in worms on HB101 or MG1655.
7
Given the significant induction of carbohydrate-related metabolites in HB101 and 1 8 MG1655 compared to OP50 ( Figure 1E ), we also examined whether increased sugar 1 9 levels contribute to the low fat content levels in C. elegans grown on HB101 and 2 0 MG1655. We supplemented glucose to C. elegans grown on different E. coli strains, 2 1 and found that the glucose supplementation is not sufficient to suppress the fat storage 2 2 difference ( Figure 2C ). Together, these results suggest betaine as a key metabolite in 1 regulating lipid metabolism in the host C. elegans. 2 We also examined whether betaine regulates mitochondrial fission-fusion 3 dynamics, a trait that has been linked to host's lipid metabolism in response to bacterial 4 inputs (Lin and Wang, 2017) . We supplemented betaine to worms grown on different 5 bacterial strains and examined the effect of this supplementation on mitochondrial 6 dynamics. We found that unlike the fat phenotype, betaine supplementation is not 7 sufficient to suppress the mitochondrial fragmentation phenotype observed in worms 8 grown on OP50 ( Figure 2D ). In addition, the supplementation of glucose to worms 9 grown on MG1655, HB101 or OP50 also fails to significantly alter mitochondrial 1 0 dynamics trends when compared the trends observed in non-supplemented animals 1 1 ( Figure 1B) . Therefore, betaine can regulate lipid metabolism in the host via a 1 2 mitochondrial dynamics independent mechanism. 1 3
Together the high-throughput metabolite profiles demonstrate that E. coli B and 1 4 K-12 strains exhibit drastic difference in their metabolism, however these global 1 5 metabolomics patterns of bacteria are not directly associated with their distinct impacts 1 6 on the physiology of the host. Instead, specific bacterial metabolites contribute to those 1 7 differences. In the example put forward, bacterial betaine specifically regulates fat 1 8 content levels in the host C. elegans, but has no effect on mitochondrial dynamics.
9
Thus, the association between bacterial metabolism and C. elegans physiology is 2 0 complex and multifaceted, and specific metabolite signals derived from different 2 1 bacterial strains can be key confounders interfering with the genetic analyses of C.
2 2 elegans phenotypes. In particular, the E. coli strain HT115, which is a K-12 strain, has Similar to MG1655 in being a K-12 derived strain, HT115 causes reduced fat storage in 1 2 C. elegans when compared to OP50 ( Figure 3A) , and the reduction level is similar to 1 3 that caused by either HB101 or MG1655 ( Figure 1A ). We also examined intestinal 1 4 mitochondrial morphology and found that worms on HT115 show a more filamented 1 5 mitochondrial network than that seen in worms on OP50 ( Figure 3B ). In addition, other 1 6 physiological characteristics are also different between worms grown on OP50 and on phenotypes of C. elegans caused by HT115 induced RNAi knockdown, to those 2 0 exhibited in genetic mutants grown on OP50, the bacterial strain backgrounds introduce 2 1 an additional confounder that might mislead the interpretation.
2
To override this problem, we have developed an RNAi competent OP50 bacterial 1 strain using phage transduction of two loci required for double stranded RNA production 2 and retention ( Figure 3C ). The RNAIII RNase (rnc) allele from HT115 (rnc:14::ΔTn10) 3 was transduced into the CGC supplied "wild type" OP50 bacteria. This allele provides 4 tetracycline resistance, a trait used for selection of bacterial colonies. Allele introduction 5 was verified using PCR of the appropriate loci (Supplemental figure 1). Following 6 introduction of tetracycline resistance, the laczγΑ::T7pol camFRT allele was introduced 7 by phage transduction to facilitate production of double stranded RNA from the L4440 8 double T7 vector found in both the Ahringer and Vidal RNAi libraries. This allele is 9 selected for using Chloramphenicol, and its presence was further confirmed using PCR 1 0 (Supplemental figure1). Following these two phage transduction events, continued iOP50 E. coli carrying the L4440 plasmid show a distinct growth pattern when 1 5 compared to HT115. We grew iOP50 E. coli at 37°C overnight in LB with Carbenicillin 1 6 (50ug/ml) and measured OD hourly ( Figure 3D ). We found that a 10 to 14 hour growth 1 7 period is required for HT115 to enter a stationary phase, while iOP50 requires 1 8 approximately 18 hours to reach a stationary phase, a growth rate similar to that of non-1 9 transformed OP50. Thus, an increased incubation time is necessary for iOP50 strain to 2 0 provide sufficient, robust and repeatable RNAi knockdown. 
Efficacy of OP50 RNAi strains in gene inactivation
1 To confirm the knockdown efficacy of iOP50 in different tissues, we first 2 transformed iOP50 with the GFP RNAi plasmid, and supplied those GFP RNAi strains 3 to transgenic C. elegans strains expressing GFP in the intestine, muscle, and 4 hypodermis. We found iOP50 induced knockdown of GFP in a qualitatively comparable 5 level to that observed when inducing knockdown using HT115 ( Figure 4A ). Thus, 6 iOP50-mediated RNAi is sufficient to knockdown genes in different tissues. For these 7 experiments, various growth times have been assessed for iOP50, overnight liquid 8 culture periods ranging from 18 to 22 hours followed by overnight growth on standard 9 NGM plates with 1mM IPTG gives the most robust knockdown (data not shown).
0
Next, we examined the knockdown efficacy of iOP50 for numerous endogenous 1 1 genes, where RNAi can induce diverse phenotypes. When comparing the phenotypes 1 2 of C. elegans caused by RNAi knockdown using either iOP50 or HT115, we observed 1 3 two major categories of results, those where knockdown efficacy is comparable 1 4 between iOP50 and HT115 ( Figure 4B ), and those where knockdown using iOP50 gives 1 5 alternative phenotypes ( Figure 4C ). The first class includes K04C2.2, prp-8, nud-1, dpy-1 6 13, act-5 and par-1. Among them, RNAi knockdown of prp-8 using HT115 causes animals arrest by L2, although there are few escapers that arrest at the third larval 1 9 stage (L3); and RNAi knockdown of dpy-13 leads to decreased body size, but worms 2 0 are slightly larger when grown on iOP50 than on HT115. The second class includes let-2 1 711, gpb-1, npp-9, cars-1 and qars-1. RNAi knockdown of let-711 using HT115 causes 2 2 over 90% of the worms to arrest at L3, however when using iOP50, over 90% of worms 2 3 manage to reach adulthood, but become sterile. For RNAi knockdown of gpb-1, the 1 HT115 background generates over 60% dead adults due to explosion through the vulva, 2 but the iOP50 background generates over 60% sterile adults with increased body 3 length. RNAi knockdown of npp-9 using HT115 gives sterile sick adults, but its 4 knockdown using iOP50 gives grossly healthy adults whose progeny is embryonic 5 lethal. For cars-1 or qars-1, its RNAi inactivation causes developmental arrest when 6 using HT115, but completely penetrant adulthood sickliness and partial adulthood 7 sterility when using iOP50. These phenotypic differences between HT115 and iOP50 8 RNAi might be related to the strength of gene knockdown, which may be weaker with 9 iOP50, and might also be related to the specific role of certain C. elegans genes in 1 0 response to different bacterial strains. Together, these studies demonstrate the efficacy 1 1 of iOP50 in executing RNAi knockdown in different tissues and for various genes, and 1 2 also highlight the importance of examining the effect of C. elegans genes under different 1 3 bacterial strain backgrounds. In summary, C. elegans exhibit drastically different phenotypes when exposed to 1 7 different bacterial strains, which are unrelated to genetic alterations in C. elegans. 1 8
These differences could introduce confounders that complicate analysis of genetic 1 9 regulation, but also provide researchers the opportunity to investigate environment-2 0 microbe-host interactions. Our metabolomics studies systematically reveal metabolite 2 1 difference among different E. coli strains, and found that C. elegans phenotypic 2 2 changes are directly associated with specific bacterial metabolites. In particular, we 2 3 have linked betaine, a metabolite derived from the methyl cycle, with lipid metabolism in 1 worms, which however does not contribute to mitochondrial dynamics or reproductive 2 span (Supplemental figure 2) . This one-to-one relationship between a microbial 3 metabolite and a host's phenotype highlights the importance of investigating the 4 mechanistic impact of microbial metabolism on host's physiology beyond profiling 5 microbial phylogenetic composition. Moreover, to expand the analysis toolkit of genetic 6 regulation and microbe-host interaction, we have rendered the common E. coli strain 7 OP50 competent for the induction of the RNAi response in C. elegans. This bacterial 8 strain contains the same two alleles that render HT115 capable of inducing the RNAi 9 response. These changes allow iOP50 to induce RNAi in multiple tissues to a level 1 0 similar to that found in HT115 fed animals. A similar OP50 RNAi strain has also been 1 1 generated and used for lifespan screens (Xiao et al., 2015) . iOP50 has recently been 1 2 used in our lab as the basis for a small scale RNAi screen (96 wells) and has proven 1 3 amenable to en-mass transformation. Phenotypes observed and described in the iOP50 1 4 screen hold true for the reciprocal HT115 screen (data not shown). The strain is 1 5 available by request, and has been deposited with the CGC for academic use. If your 1 6 mutant C. elegans strain fails to demonstrate the same phenotype as your RNAi fed 1 7 animals or vice-versa, we implore you to pause and question whether the bacterial 1 8 strain is responsible for the discrepancy and apply iOP50 into your phenotypic 1 9 validation. Quantitative comparison of one-carbon methyl cycle metabolite levels show that betaine levels 1 are increased over 3-fold and 2-fold in MG1655 and HB101, relative to OP50, respectively, and 2 the methionine level in HB101 is decreased compared to that in OP50. C) Supplementation of 3 betaine but not glucose suppresses the fat storage increase in C. elegans grown on OP50. 4
Graphical representation of relative whole intestine fat content levels as measured by SRS 5 microscopy from three independent trials. D) Neither betaine nor glucose supplementation 6 affects morphological difference of mitochondria in C. elegans grown on HB101, MG1655 and 7 OP50. Graphical representation of mitochondrial dynamics in the intestinal cells from double-8 blind analyses of three independent trials. intestinal areas outlined for quantification. Graphical quantification is from three independent 1 6 trials. B) Mitochondrial fragmentation, visualized by the intestinal mito-GFP reporter, is reduced 1 7 in worms grown on HT115 compared to those on OP50. Representative data from two 1 8 independent trials. C) Schematic for the generation of an RNA interference capable OP50 1 9 bacterial cell line. D) The growth rate of OP50 is lower than that of HT115. Bacterial growth 2 0 curves for vector carrying OP50 or HT115 show OD 600 measured every two hours for 20 hours, 2 1 representative of three independent trials. A number of RNAi lines cause variable phenotype when using HT115 versus iOP50, with less 6 severity using iOP50 than using HT115. 7 Supplemental Table 1 -Metabolite levels for five samples of each strain of OP50, HB101, and 8 MG1655. Levels are normalized to total pellet weight and Bradford protein. The C. elegans strains used in this study were either provided by the Caenorhabditis by gamma irradiation exposures (4,500 rad for 5.9min) at the L4 stage, and the 2 2 integrated progeny were backcrossed to N2 at least five times. Worm strains: N2 2 3 (Bristol), raxIs46 , raxIs49 , raxIs51 , 1 raxIs52 . the cells on ice for 10 minutes, all future steps are conducted in the 4°C cold room, in a 1 5 pre-chilled 4°C centrifuge or with the bacteria kept on ice. Harvest the cells by 1 6 centrifugation at 4000rmp for 3 minutes, then remove and discard the supernatant. Cells are then gently re-suspended in 5ml of cold 100mM CaCl 2 . Incubate the cells on ice for 1 8 20 minutes and then harvest the cells by centrifugation at 4000rmp for 3 minutes. Return the cells to ice and discard the supernatant. Gently re-suspend the cells in 2ml 2 0 of cold 100mM CaCl 2 /15% Glycerol and then dispense into microcentrifuge tubes in was performed in the method described previously (Evans et al., 2009) . Statistical 1 6 analysis was performed using Welch's two-sample t-test to identify compounds that 1 7 differed significantly between bacterial strains. for each of three biological replicates) were anesthetized in 1% sodium azide in M9 2 3 the NaAz pool, while allowing it to evaporate. Plates were then immediately imaged 1 using a Hamamatsu digital camera (C11440), utilizing the x-cite xylis light source, and a 2 Nikon SM218 microscope. Well-fed N2 animals were raised for two generations on standard NGM plates seeded 6 with OP50. Animals were synchronized using a variation of the "egg prep" methodology 7 described in (Porta-de-la-Riva et al., 2012) . 6cm plates of bacteria containing L4440 8 based plasmids targeting the loci of interest from the Ahringer or Vidal library were 9 prepared. ~100 animals were grown from the L1 stage on each of the 6cm RNAi plates.
Five independent trials were conducted and results were collated. Animals were grown 1 1 for ~72h at 20°C, phenotypes were then noted for all animals on the plates and 1 2 penetrance was determined. Reproductive lifespans (RLS) were performed at 20°C on animals that were 1 6 developmentally synchronized using a variation of the "egg prep" methodology 1 7 described in (Porta-de-la-Riva et al., 2012) . Well-fed animals are raised for two 1 8 generations on standard Nematode Growth Medium (NGM) plates seeded with OP50. 
